Recent reports have shown limited anticancer therapeutic efficacy of insulin-like growth factor receptor (IGF-1R)-targeted monoclonal antibodies (mAb), but the resistance mechanisms have not been completely identified. Because cooperation between epidermal growth factor receptor (EGFR) and IGF-IR could cause resistance to inhibitors of individual receptor tyrosine kinases, we investigated the involvement of EGFR signaling in resistance to IGF-1R mAb and the underlying mechanisms of action. Most head and neck squamous cell carcinoma (HNSCC) tissues had coexpression of total and phosphorylated IGF-1R and EGFR at high levels compared with paired adjacent normal tissues. Treatment with cixutumumab (IMC-A12), a fully humanized IgG1 mAb, induced activation of Akt and mTOR, resulting in de novo synthesis of EGFR, Akt1, and survivin proteins and activation of the EGFR pathway in cixutumumab-resistant HNSCC and non-small cell lung cancer (NSCLC) cells. Targeting mTOR and EGFR pathways by treatment with rapamycin and cetuximab (an anti-EGFR mAb), respectively, prevented cixutumumab-induced expression of EGFR, Akt, and survivin and induced synergistic antitumor effects in vitro and in vivo. These data show that resistance to IGF-1R inhibition by mAbs is associated with Akt/mTOR-directed enhanced synthesis of EGFR, Akt1, and survivin. Our findings suggest that Akt/mTOR might be effective targets to overcome the resistance to IGF-1R mAbs in HNSCC and NSCLC. Mol Cancer Ther; 10(12); 2437-48. Ó2011 AACR.
Introduction
Head and neck squamous cell carcinoma (HNSCC) is the fifth most common malignancy, and non-small cell lung cancer (NSCLC) is the leading cause of cancerrelated death (1) . Despite decades of research and treatment advances, the 5-year survival rates for both have improved little, and local and distant metastases remain significant barriers to disease eradication (2) . Recent advances in developing molecularly targeted cancer therapeutic agents that block specific receptors or signaling proteins may lead to promising new treatments for these cancers.
The insulin-like growth factor (IGF) axis plays a pivotal role in regulating tumor cell growth, differentiation, tumor angiogenesis, metastasis, apoptosis, and MDR (3) . The IGF axis is composed of ligands, receptors, and IGF-binding proteins (4) . The balance between expression and activity of these molecules is tightly controlled under normal physiologic conditions; changes in this balance can cause numerous molecular events that can ultimately lead to malignancy (5) . Increased IGF-1 receptor (IGF-1R) and circulating IGF-1 expression is associated with an elevated risk for numerous cancer types and rapid disease progression, including HNSCC and NSCLC (6, 7) . Increased bioactive IGF-II levels also result from reduced expression of IGF-binding protein or inactivation of the type 2 IGF receptor that mediates IGF-II degradation (8, 9) . These changes can result in high local IGF tissue concentrations. In addition, the binding of IGFs to IGF-IR initiates conformational changes, transmembrane receptor tyrosine kinase (RTK) autophosphorylation, and Ras-Raf-mitogen-activated protein kinase and phosphoinositide 3-kinase (PI3K)/ AKT signaling cascade activation, leading to the phosphorylation of several downstream substrates that are involved in cell proliferation, survival and apoptosis, inflammation, genomic instability, and angiogenesis (3) . Thus, IGF-1R signaling has been considered as a promising target for cancer therapy. Indeed, IGF-1R inactivation by gene disruption, antisense oligonucleotides, neutralizing antibodies, dominant-negative mutants, small molecule IGF-IR kinase inhibitors, and IGF-binding proteins has resulted in antitumor activity (10) . However, several clinical trials with anti-IGF-1R monoclonal antibodies (mAb) have shown modest therapeutic efficacy in clinical trials, and the mechanisms involved in resistance to the drug have not been clearly defined. In a previous study, IGF and epidermal growth factor (EGF) stimulation both resulted in a physical association between the two receptors in a TU159 HNSCC cell line protein complex (7) . We and others have shown cross-talk between RTKs of EGF receptor (EGFR) and IGF receptor, wherein a inhibition of tyrosine kinase inhibitor (TKI) of one RTK is compensated by enhanced activity of the reciprocal RTK; thus, one suspected IGF-1R resistance mechanism is cross-talk with EGFR or other kinase receptors (11) (12) (13) . However, to our knowledge, the involvement of the EGFR pathway in resistance to IGF-1R mAb-based anticancer therapy has not been defined. In this article, we report that inhibition of the IGF-1R pathway by cixutumumab (IMC-A12), a fully humanized IgG1 mAb (14) , results in stimulation of the Akt/mTOR pathway through increasing synthesis of EGFR, Akt1, and antiapoptotic survivin proteins. In addition, suppression of mTOR-mediated protein synthesis or inactivation of EGFR renders cixutumumab-resistant cells sensitive to the drug. These results present a drug resistance mechanism of an IGF-1R-targeted agent as well as molecular targets to restore its antitumor activity.
Materials and Methods

Cell culture and reagents
All human HNSCC (SqCC/Y1, HN30, LN686, FADU,  UMSCC1, UMSCC2, UMSCC4, UMSCC6, UMSCC11A,  UMSCC14A, UMSCC38, TR146 , and OSC19) were kindly provided by Dr. Jeffrey Myers (MD Anderson Cancer Center, Houston, TX). NSCLC (H226Br, H226B, H596, H460, A549, and H1299) cell lines were kindly provided by Jack Roth (Department of Thoracic and Cardiovascular Surgery, the University of Texas MD Anderson Cancer Center, Houston, TX) or purchased from the American Type Culture Collection. Cells were cultured in DMEM, Ham's F12 or RPMI 1640 medium supplemented with 10% FBS (Life Technologies, Inc.). Cells were validated by analysis of their short tandem repeat profile. We used specific antibodies against the following antigens: phospho-Akt (pAkt, S473), Akt, Akt1, Akt2, Akt3, pIGF-1R (Y1131), pmTOR (S2248), mTOR, pEGFR (Y1068), EGFR, PARP, cleaved caspase-3, survivin (Cell Signaling Technology), IGF-1Rb, pERK (T202/204), and ERK (Santa Cruz). Rapamycin was purchased from MBL International Corporation. Cixutumumab and C225 [cetuximab (Erbitux)] were provided by Imclone Systems, Inc.
Cell viability assay
Poly-HEMA (poly-2-hydroxyethyl methacrylate)-coated plates (PCP) were prepared as previously described (15) . For the cell viability assay, 2 Â 10 3 cells were plated on 96-well PCPs or ultralow attached plates (UAP). After 3 days of drug treatment, cell proliferation was measured with the MTT and the MTS assay. Six replicate wells were used for each analysis; at least 3 independent experiments were conducted.
Reverse transcriptase PCR
Total RNA was isolated and reverse transcriptase PCR (RT-PCR) was done as described elsewhere (12) , using the following primer sequences: (sense) 5 0 -GGA-GAACTGCCAGAAACTGACC-3 0 and (antisense) 5 0 -GC-CTGCAGCACACTGGTTG-3 0 for EGFR; (sense) 5 0 -AGC-GACGTGGCTATTGTGAAG-3 0 and (antisense) 5 0 -GCC-GCCAGGTCTTGATGTAC-3 0 for Akt1; and (sense) 5 0 -C-CTCTATGCCAACACAGTGC-3 0 and (antisense) 5 0 -CAT-CGTACTCCTGCTTGCTG-3 0 for (beta-actin). The following thermocycler conditions were used for amplification: 94 C for 6 minutes (hot start), followed by 28 to 33 cycles of 94 C for 45 seconds, 56 C to 60 C for 45 seconds, and 72 C for 1 minute.
Metabolic labeling
Metabolic labeling was done as described elsewhere (12) . Briefly, LN686 cells were treated with cixutumumab (25 mg/mL) in the presence of rapamycin (1 mmol/L) for 72 hours and incubated with medium lacking methionine and cysteine for 1 hour. The cells were labeled with [ 35 S] methionine-cysteine and cixutumumab and harvested at the indicated time points. Equal amounts of protein were used for immunoprecipitation with antibodies against EGFR, Akt1, Akt2, and Akt3, and the immunoprecipitates were separated by SDS-PAGE. Laser densitometry was done to quantify the band intensity.
Western blot analysis
We carried out a biochemical analysis of 8 head and neck tumor and 8 healthy adjacent tissue specimens from patients with head and neck cancer who had undergone surgical resection at The University of Texas MD Anderson Cancer Center (Houston, TX). This study was approved by the MD Anderson Cancer Center institutional review board. All tissue specimens had been frozen in liquid nitrogen immediately after being resected. Total protein isolation and Western blot analysis were done as described previously (12) .
Soft agar assays
An anchorage-independent colony formation assay was done as previously described (12) . To determine the effect of the combined drug treatment, we estimated potentiation by multiplying the percentage of cells remaining (% growth) for each agent. The classification index was calculated as described previously (16) .
Caspase-3/CPP32 colorimetric assay
Caspase-3/CPP32 activity was determined as described elsewhere (17) using cells that had been treated with cixutumumab, rapamycin, C225, or their combinations for 3 days. Fold-increase in CPP32 activity was determined by comparing these results with the level of the uninduced control. Six replicate wells were used for each analysis; at least 3 independent experiments were done.
In vivo model
All animal procedures were done in accordance with a protocol approved by the MD Anderson Institutional Animal Care and Use Committee. Xenograft tumors were generated by subcutaneously injecting nude mice with 1 Â 10 6 of LN686 cells. When tumors reached a volume of 80 to 100 mm 3 (termed day 0 for our experiments), we treated control mice with an intraperitoneal injection of sterile PBS and xenografted mice with cixutumumab (10 mg/kg, once a week), C225 (10 mg/kg, once a week), and rapamycin (5 mg/kg, daily); cixutumumab and C225 (10 mg/kg each, once a week); or cixutumumab (10 mg/kg, once a week) and rapamycin (5 mg/kg, daily). Tumor volumes were measured every 3 days.
Statistical analysis
The data acquired from the MTT assay were analyzed using Student t test. All means and 95% CIs from 8 samples were calculated using Microsoft Excel software (Microsoft Corporation). Statistical significance of differences in tumor growth in the combination treatment group and in the single-agent treatment groups were analyzed by ANOVA. All means from triplicate to 8 samples and 95% CIs were calculated using SAS software (release 8.02; SAS Institute). In all statistical analyses, 2-sided P values of less than 0.05 were considered statistically significant.
Results
IGF-1R and pIGF-1R expressions in human HNSCC tissue
To have the rationale to target both IGF-1R and EGFR signalings, we determined total and phosphorylated IGF-1R and EGFR expression levels in HNSCC tissue. Seven (#1-7) of the 8 tumor specimens had high levels of IGF-1R and phosphorylated IGF-1R (pIGF-1R) expression, and all of the tumor specimens had high levels of EGFR and phosphorylated EGFR (pEGFR) expression compared with normal tissue specimens from the same patients (Fig.  1) . All of the specimens with high levels of IGF-1R and pIGF-1R expressions also had higher levels of pEGFR and EGFR expression than did normal tissue. These findings indicated coexpression and coactivation of IGF-1R and EGFR at high levels in HNSCC, suggesting the potential value of cotargeting the IGF-1R and EGFR pathways.
Resistance to cixutumumab-induced growth inhibition is correlated with EGFR/PI3K/AKT pathway activation in HNSCC and NSCLC cells grown in a 3-dimensional mimic environment
Several studies have reported the difference of cellular responses in a 3-dimensional (3D) environment and the higher sensitivities of a number of cancer cell lines to certain anticancer drugs in 3D culture systems compared with the response of the same cell lines grown in monolayers (18) (19) (20) . Hence, we determined effects of cixutumumab on HNSCC cells grown on poly-HEMA-coated plates (PCP) and UAPs, known as 3D-mimetic culture systems. Cells cultured under the conditions grew and formed spherical colonies. Representative results from LN686 and OSC19 cells grown in PCPs and UAPs are shown ( Fig. 2A) . Cixutumumab treatment completely inhibited 10% FBS or IGF induced, but not insulin induced, IGF-1R phosphorylation ( Fig. 2A , bottom and Supplementary Fig. S1 ), indicating that only IGF-1R-mediated signaling could participate in the action of cixutumumab. We then carried out an MTS assay on 13 HNSCC and 6 NSCLC cell lines in 10% FBS with or without cixutumumab for 72 hours. We observed differential sensitivity of tested cells to cixutumumab treatment, and 2 HNSCC (UMSCC38 and OSC19) and NSCLC (H1299 and A549m) cell lines had more than 60% inhibition in viability (Fig. 2B) . Consistent with the results in cells grown on PCPs, cixutumumab treatment strongly suppressed the growth of UMSCC38, OSC19, H1299, and A549m cells in UAPs, whereas the remaining cells showed moderate responses to treatment (Fig. 2C ). These results B and C, cell viabilities were measured by using MTS assay and were determined as percentages of each control groups. Independent experiments were repeated 3 times. Bars represent mean AE SD (n ¼ 6); Ã , P < 0.05 and ÃÃ , P < 0.01. The statistical significance was determined by using Student t test.
suggest that antitumor effects of cixutumumab are limited to specific HNSCC and NSCLC cell lines. We investigated the mechanisms involved in cixutumumab resistance in HNSCC and NSCLC cells. Because we did not find obvious difference between the results from PCP and UAP, additional studies were done in PCP, as a representative of 3D-mimic 2D system. We correlated total ( Supplementary Fig. S2A ) and phosphorylated IGF-1R and EGFR ( Supplementary Fig. S2B ) with resistance to cixutumumab and found no obvious correlation between them. Furthermore, IGF-1R mRNA levels were not changed after the drug treatment (data not shown). However, cixutumumab increased phosphorylation of EGFR and its downstream mediators, including Akt and mTOR, in all cixutumumab-resistant HNSCC (SqCC/Y1, LN686, UMSCC2, and FADU) and NSCLC (H226Br, H596, and H460) cell lines, but not in cixutumumab-sensitive HNSCC (OSC19) and NSCLC (H1299) cell lines after 3 days of treatment (Fig. 2D ). Of note, cixutumumab-resistant cell lines had increased EGFR and Akt1 levels, with no changes in Akt2 and 3, suggesting that activation of the EGFR pathway could have been due to the increased expressions of EGFR and Akt1. Cixutumumab-resistant cells also showed slightly increased level of survivin expression, a member of inhibitor of apoptosis proteins known to decrease the sensitivity of tumor cells to chemotherapeutic drugs (21) . In contrast, cixutumumab-sensitive lines showed obviously decreased levels of survivin. These findings suggest that induced expression of EGFR, Akt1, and survivin protein provide cixutumumabresistant cell lines with ability to proliferate after the drug treatment.
mTOR pathway induces de novo EGFR and Akt protein synthesis
We assessed the mechanisms of cixutumumab-mediated increase in EGFR and Akt1 protein expression using LN686 and FADU cells grown in PCPs. No detectable changes were observed in EGFR and Akt1 mRNA levels (Fig. 3A) , suggesting cixutumumab-induced posttranscriptional upregulation of EGFR and Akt expressions in the drug-resistant cells. Therefore, we monitored the kinetics of cixutumumab-induced phosphorylation of EGFR, Akt, and mTOR in cixutumumab-resistant LN686 cells. Cixutumumab (25 mg/mL) induced decreases in pIGF-1R, pAkt, and pERK1/2 levels as early as 30 minutes after treatment (Fig. 3B) . However, pAkt induction was evident after 1 hour of cixutumumab treatment, followed by delayed increases in pEGFR and survivin expressions after 1 day. Obvious increases in EGFR and Akt1 protein expressions were observed after 3 days treatment of the drug. Given the role of Akt/mTOR pathway in protein synthesis, we determined effects of cixutumumab on EGFR and Akt1 protein synthesis rates by metabolically labeling LN686 cells with [
35 S] Met-Cys. As shown in Fig.  3C , the [
35 S]-labeled EGFR and Akt1 synthesis rate was remarkably higher in cixutumumab-treated LN686 cells than in untreated cells. In contrast, Akt2 and Akt3 protein synthesis was not detectably affected by cixutumumab treatment. We further confirmed cixutumumab-induced de novo synthesis of EGFR and Akt1 proteins was prevented by combined treatment with rapamycin, an mTOR inhibitor. Together, these findings suggest that inhibition of cixutumumab of IGF-1R signaling resulted in initial activation of the Akt/mTOR pathway followed by increased synthesis of EGFR and Akt proteins, leading to activation of the EGFR pathway in cixutumumab-resistant cells.
Cotargeting IGF-1R and mTOR or EGFR enhances antitumor activity of cixutumumab in cixutumumabresistant cells
We next asked whether increased AKT/mTOR activity compensates for loss of IGF-1R signaling by increasing EGFR and Akt1 protein synthesis and thus EGFR signaling activation. To this end, we tested the effects of single or combined treatment with cixutumumab and rapamycin, an mTOR inhibitor on proliferation of cixutumumabresistant cells grown in PCPs. Rapamycin (1 mmol/L) induced a complete suppression of 10% FBS-induced phosphorylation of mTOR after 6 hours of treatment ( Supplementary Fig. S3A ) and significant decrease in cell proliferation after 3 days treatment ( Supplementary Fig.  S3B ). The rapamycin treatment inhibited mTOR and p70 S6K phosphorylation in both cixutumumab-resistant (LN686, SqCC/Y1) and cixutumumab-sensitive (OSC19, H1299) cells (Fig. 4A) . Rapamycin is known as an allosteric inhibitor of mTORC1 (22) , and p70S6 kinase is a major effector of the of mTOR phosphorylation (Ser2448; ref. 23) , suggesting that inactivation of p70S6 kinase by rapamycin via mTOR regulation led to dephosphorylation of mTOR. Synergistic antiproliferative effect was found in cixutumumab-resistant cells treated with cixutumumab and rapamycin combination compared with those treated with each single agent ( Fig. 4B and Supplementary Table S1 ). Moreover, the cotreatment showed significantly enhanced caspase-3/CPP32 activity and PARP and caspase-3 cleavages in these cells (Fig. 4C) . Treatment with rapamycin also prevented cixutumumabinduced increases in EGFR and Akt. The cotreatment suppressed basal as well as cixutumumab-induced upregulation of pEGFR, survivin, pAkt, and pmTOR expressions with no detectable impact in protein levels of mTOR in these cells (Fig. 4D) , suggesting that inactivation of mTOR inhibits cixutumumab-induced activation of Akt/ mTOR pathway and de novo EGFR and Akt protein expressions, resulting in restoration of apoptotic activity of cixutumumab in the drug-resistant cell lines.
We next tested the effects of single or combined treatment with cixutumumab and C225, an EGFR-neutralizing antibody, on proliferation of cixutumumab-resistant cells grown in PCPs. C225 treatment (25 mg/mL) induced a complete suppression of 10% FBS-or EGF (100 ng/mL)-stimulated EGFR phosphorylation after 6 hours (Supplementary Fig. S4A ) and a significant decrease in cell proliferation after 3 days of treatment ( Supplementary Fig. S4B ). The C225 treatment led to decreases in pEGFR, EGFR, and pAkt expressions in both cixutumumab-resistant and cixutumumab-sensitive NSCLC and HNSCC cells, with no effects on pIGF-1R, IGF-1R, and IR expressions (Fig. 5A ). The addition of C225 prevented a cixutumumab-induced increase in EGFR and Akt protein expressions in cixutumumab-resistant cells (Fig. 5B) . Furthermore, the C225 treatment completely blocked cixutumumab-induced phosphorylation of EGFR, Akt, and mTOR in the presence of FBS (Fig. 5B) or IGF-1 (Supplementary Fig. S5 ). Combined treatment with cixutumumab and C225 induced synergistically enhanced antiproliferative activities (Fig. 5C , top, Supplementary Table S1) with increased apoptosis, as shown by increased caspase-3/ CPP32 activity (Fig. 5C , bottom) and PARP cleavage (Fig. 5B, Supplementary Fig. S4 ), indicating that reduced cell viability by the cotreatment was due to increased cell death. We also observed that cixutumumab-resistant cells grown in soft agar showed synergistically increased sensitivity to the cotreatment than to the single treatment (Fig. 5D, Supplementary Table S2 ). Enhanced apoptosis was also observed after cotreatment with cixutumumab Immunoprecipitation was done using antibodies against EGFR, Akt1, Akt2, and Akt3. Densitometry was done to quantify the density of each band compared with that at time 0 hour. Student t test, average AE SD; n ¼ 3.
Ã , P < 0.05 and ÃÃ , P < 0.01. RU, relative unit.
with LY294002 (PI3K/Akt inhibitor) or erlotinib (an EGFR TKI; Supplementary Fig. S6 ). These findings suggest that, when the IGF-1R pathway is inactivated by cixutumumab, the Akt/mTOR pathway-derived EGFR activation by the drug provides an alternative proliferation or survival signaling.
Effects of cixutumumab, C225, rapamycin, and their combinations on the growth of cixutumumabresistant HNSCC xenograft tumors
To determine whether EGFR and mTOR signaling inhibition enhances antitumor activity of cixutumumab in vivo, we tested the effects of cixutumumab, rapamycin, and C225 alone or in combination on the growth of cixutumumab-resistant LN686 xenograft tumors established in nude mice. Single treatment of cixutumumab with 10 mg/kg (once a week; Fig. 6A , left) or with higher doses (25 or 50 mg/kg, twice a week; data not shown) showed modest effects on the tumor growth. Significant smaller tumors were found in mice treated with cixutumumab and rapamycin or C225 than those in control mice and in mice treated with single agent alone (Fig. 6A) . Cixutumumab treatment alone or in combination with rapamycin did not exhibit significant toxic effects, including weight loss (data not shown). Western blot analysis on the tumor tissues revealed that Akt, mTOR, and EGFR activity was effectively blocked by combined treatment with cixutumumab and rapamycin, or with cixutumumab and C225 (Fig. 6B) . In addition, cixutumumab and C225 or rapamycin led to increased levels of terminal (Fig. 6C) . These findings suggest that combined treatment with cixutumumab and rapamycin or C225 enhances in vivo antitumor activity by decreasing cixutumumab-induced Akt, mTOR, and EGFR activity and by inducing apoptosis. 
Discussion
In this study, we show that (i) blocking IGF-1R signaling by cixutumumab induces activation of EGFR signaling in cixutumumab-resistant HNSCC and NSCLC cells through Akt/mTOR-mediated de novo synthesis of EGFR and Akt1, leading to activation of the EGFR pathway; (ii) activation of the Akt/mTOR pathway also results in induction of survivin protein expression, contributing to increase in antiapoptotic potential in the cixutumumabresistant cells; and (iii) blocking the mTOR or EGFR signaling pathway restores proapoptotic activity of cixutumumab in HNSCC cells, both in vitro and in vivo (Fig.  6D) . These results provide a first mechanistic evidence for a cross-talk between the IGF-1R and the EGFR signaling pathways as a consequence of cixutumumab-mediated inactivation of the IGF-1R signaling. Overall, these findings suggest that Akt/mTOR-mediated synthesis of proteins involved in cell proliferation and survival is involved in resistance of HNSCC and NSCLC cells to anti-IGF-IR mAbs, indicating the potential clinical use of cotargeting IGF-IR and mTOR as well as cotargeting IGF-1R and EGFR in patients with HNSCC or NSCLC.
IGF-1R-and IGF-1R/IR-targeting drug candidates, which are mainly composed of anti-IGF-1R mAbs and small molecule inhibitors, have shown a variety of antitumor activities in several preclinical studies (24, 25) . However, the clinical response rates to IGF-1R mAbs, alone and with chemotherapeutic agents, have been lower than expected (26) . To develop effective anticancer therapeutic strategies with anti-IGF-1R mAbs, we determined the mechanisms that induce primary resistance to the anti-IGF-1R mAb cixutumumab, a fully humanized IgG1 mAb that is being clinically evaluated for the treatment of several cancers, including HNSCC and NSCLC (14, 26) . It has been suggested that activation of the IGF-IR pathway after EGFR TKI treatment counteracted the antitumor activity of drugs in several cancer cell types (11) (12) (13) . Conversely, in a recent report, IGF-IR inhibition by TKI promoted EGFR activation (27) . Given the interplay and considerable functional similarities between functions of EGFR and IGF-1R, we hypothesized that switching to EGFR signaling allows cells to resist cixutumumab treatment. Our data showed that cixutumumab induced EGFR, Akt, and mTOR phosphorylation, which was well correlated with resistance of HNSCC and NSCLC cells to cixutumumab treatment. Hence, we sought to identify the pathways involved in the activation of the EGFR pathway in HNSCC and NSCLC cells by cixutumumab treatment.
Resistance to anticancer drugs has been associated with genetic alterations, quantitative protein changes, truncation, posttranslational modification(s), and subcellular localization of selected proteins (28, 29) . For example, EGFR T790M mutation, c-MET, and K-Ras gene amplification, loss of PTEN expression, and c-MET expression and phosphorylation have been suggested to cause resistance to TKIs of EGFR or MET (30) (31) (32) (33) . However, activation mutation and amplification of IGF-1R have not been reported, and we observed no detectable changes in IGF-1R mRNA levels after drug treatment. Our in vitro kinetic study show that cixutumumab treatment induced initial activation of the Akt/mTOR pathway, followed by increase in EGFR, Akt1, and survivin protein levels and EGFR phosphorylation in drug-resistant cells. The induced activation of the Akt/mTOR pathway seemed to increase survivin expression in cixutumumab-resistant cells. The Akt/mTOR pathway plays a major role in regulating the translation of mRNA subsets, many of which encode for proteins involved in cell proliferation, growth, and angiogenesis (34) . We previously showed that treatment with EGFR TKIs results in mTOR-mediated de novo synthesis of EGFR and survivin proteins, protecting NSCLC cells from antiproliferative effects of EGFR TKIs (12) . It is plausible that cixutumumab-induced increase in Akt/mTOR activities could have contributed to resistance to the drug through increased expression of EGFR signaling components and antiapoptotic protein, compensating for loss of the IGF-1R pathway. Indeed, blocking mTOR activity suppressed synthesis of these proteins and restored apoptotic activity of cixutumumab in cixutumumab-resistant HNSCC cells both in vitro and in vivo. These findings suggest that the ability of HNSCC and NSCLC cells to resist EGFR-and IGF-1R-targeting agents and adapt to a stressful environment is, at least in part, from their capacity to stimulate mTOR-mediated protein synthesis involved in cell proliferation and survival. In this study, we did not determine the mechanism by which cixutumumab treatment induces initial activation of the Akt/mTOR pathway. Given that the insulin receptor (IR) has been implicated in acquired resistance to anti-IGF-1R therapeutic agents, IR signaling may be one such pathway. In cell cultures, IR downregulation suppressed cancer cell proliferation and metastasis and reversed cixutumumab resistance, and inhibition of function of IR was required for antitumor activity of cixutumumab in a mouse neuroendocrine tumor model (35, 36) . Active investigations are underway to determine whether activation of IR signaling or other pathways are involved in cixutumumab-mediated initial activation of the Akt/ mTOR pathway.
Although additional mechanisms underlying activation of EGFR signaling by cixutumumab should be explored (such as whether upregulation of ligand, availability of adaptor proteins, or changes in EGFR confirmation with other EGFR family members), our in vitro and in vivo results provide a mechanistic model in which cixutumumab stimulates PI3K/Akt, resulting in mTOR-mediated de novo protein expression of EGFR and Akt1 proteins. Increased expressions of EGFR and Akt1 could have been involved in stimulation of the EGFR pathway, and induced expression of survivin protein could have protected HNSCC and NSCLC cells from apoptosis. This newly identified resistance mechanism against IGF-1R mAbs could provide new avenues for therapeutic strategy. First, combination regimens of EGFR inhibitors and IGF-1R mAbs may be effective if the IGF-1R overexpressing tumors have high levels of EGFR. Indeed, inhibition of EGFR activation by treatment with C225, an anti-EGFR mAb, abolished resistance to cixutumumab and induced apoptosis in cixutumumab-resistant cells in vitro and in vivo. Second, a combined treatment with mTOR inhibitor seems to benefit IGF-1R mAb-resistant patients. It is well known that mTOR inhibition activates PI3-K/Akt by upregulating IGF-1R signaling, and therapeutic inhibition of the IGF-1R pathway as a strategy to overcome resistance to mTOR inhibitor has been suggested in a variety of cancers, including HNSCC (37, 38) , in which mTOR overexpression has been observed (39) . Although the rationale for cotargeting mTOR and IGF-1R/Akt is different, the previous findings and our current results support the hypothesis that combination regimens of mTOR and IGF-1R inhibitors could be better therapeutically for the treatment of IGF-1R overexpressing tumors with high levels of mTOR. In light of this notion, we found that combined treatment with cixutumumab and rapamycin suppressed EGFR, Akt and survivin expression, decreased proliferative activities, and induced apoptosis in cixutumumab-resistant cells in vitro and in vivo.
In conclusion, we have described for the first time that the Akt/mTOR pathway has a specific role in inducing cell survival against an anti-IGF-1R mAb, cixutumumab. Further investigations are warranted to validate mTOR expression as a prognostic marker or predictor of resistance to IGF-1R mAb-based therapy and to determine the detailed mechanism by which cixutumumab mediates Akt/mTOR activation. In addition, clinical trials are needed to determine whether cixutumumab in combination with an mTOR inhibitor would enhance objective response and survival rates in HNSCC patients.
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